Introduction
Among the Rhodophyta, the genus Gracilaria (Gracilariales) is commercially an important agarophyte and accounts for 4 70% of the raw materials' supply to the world agar industry (McHugh, 2002) . There are 4 150 different species of Gracilaria that have been reported from different parts of the world (Byrne et al., 2006) . The red alga Gracilaria dura is one of the economically important macroalgae found on the Indian coast and occurs predominantly in tide pools in the mid-littoral zone in selective locations. This alga has been used for producing high-end phycocolloid agarose directly with an improvised process developed by CSMCRI (Siddhanta et al., 2005; Meena et al., 2007) . The thallus is relatively bushy, branched, red to dark brown in color, and is distinguished by abrupt constrictions at the base of the lateral branches, forming a slender stripe (Jha et al., 2009) .
Bacteria are common inhabitants of both the surfaces and the internal tissues of most plants and play an important role in the development and growth of the host (Matsuo et al., 2003) . Plant-associated bacteria isolated from surfaces are known as epiphytes (Andrews & Harris, 2000) , whereas those isolated from the interior of tissues are called endophytes (Petrini et al., 1989) , with some bacterial populations fluctuating between endophytic and epiphytic colonization (Hallmann et al., 1997) . Both types of bacterial isolates can contribute to the growth, health and development of seaweeds by the direct production of the plant growth regulators (PGRs) and nitrogen fixation (Sturz et al., 2000) . PGRs have been reported to play a significant role in the morphogenesis of callus from Rhodophyta members (Yokoya, 2000; Reddy et al., 2003) . Some marine bacteria have been reported to produce plant auxins regulating the morphogenesis pattern and growth in Ulvaceae (Maruyama et al., 1986 (Maruyama et al., , 1988 . The plant growth-promoting nature of bacterial isolates associated with Laminaria japonica was reported by Dimitrieva et al. (2006) . The first phytohormone to be identified was IAA, which regulates the cell elongation, division and differentiation, while tryptophan is considered as its precursor (Park et al., 2005) . The study of seaweed-associated bacteria is important not only for understanding the ecological role of such bacteria in their 
Microbial exopolysaccharides (EPSs) are biosynthetic polymers mainly consisting of carbohydrates secreted by bacteria (Freitas et al., 2009 ) and cyanobacteria (Chi, Su, & Lu, 2007; Decho, 1990; Parikh & Madamwar, 2006) , however, it is also reported from Cryptophyta (Bermudez, Rosales, Loreto, Briceno, & Morales, 2004) , mushroom (Zou, Sun, & Guo, 2006 ), yeast (Duan, Chi, Wang, & Wang, 2008 and basidiomycetes (Chi & Zhao, 2003; Manzoni & Rollini, 2001) . EPSs constitute different classes of organic macromolecules such as polysaccharides, proteins, nucleic acids, phospholipids and other polymeric compounds thereby carrying different organic functional groups such as acetyl, succinyl or pyruvyl and some inorganic constituent like sulfate (Nielsen & Jahn, 1999) . Depending on their location, EPSs occur in two forms either in capsular (polymers being closely associated with the cell surface) or slimy polysaccharides (loosely associated with the cell surface) (Costerton, 1999) .
In recent years, interest in the exploitation of valuable EPSs has been considerably increased towards polysaccharide producing bacteria and cyanobacteria for various industrial applications (Mishra & Jha, 2009 ). The EPSs produced by marine bacteria have been utilized as ingredients in food products, pharmacy, petroleum industry and emulsification of crude oil, hydrocarbons, vegetable, mineral oils and bioremediation agents in environment management system (Costerton, 1999; Jia, Yu, Lin, & Dai, 2007) . Apart from these, they have also been implicated in biofilm formation in marine ecosystem thereby enhancing the survival of microbes under abiotic and biotic stress by influencing their physicochemical environment (Bhaskar & Bhosle, 2005; Duan et al., 2008) .
The bacteria are ubiquitous colonizers on the surface of seaweed and are reported to play important roles in their growth, development and reproduction (Marshall, Joint, Callow, & Callow, 2006) . Similar findings have been demonstrated with Bacillus licheniformis which influence the life history and developmental morphology of Ulva fasciata (Singh, Mantri, Reddy, & Jha, 2011) in corresponding to increase the zoospore production and in attaining the normal foliose morphology. Further, seaweed-bacteria interactions are partly attributed to the extracellular substances secreted by associated marine bacteria. The previous reports reveal that the addition of supernatants of morphogenesis-inducing bacterial isolates were capable of giving the same effect (Marshall et al., 2006; Tatewaki, Provasoli, & Pintner, 1983) .
In this study, an attempt was made to extract and characterize the chemical and physical properties of EPS produced by an endophytic bacterium B. licheniformis associated with Gracilaria dura with the help of advanced analytical techniques. Despite the biotechnological potential of these biopolymers from marine and estuarine environments, the role of EPS in seaweed-bacteria inter-
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In the marine environment, bacteria are the most common colonizers on the surface of macroalgae (Armstrong et al. 2000) . Seaweed-associated bacteria secrete biologically active, beneficial compounds that regulate the morphogenesis of marine organisms and help them survive under varied environmental conditions. The nature of the bacterial-seaweed interaction plays an important role and can influence the growth and various developmental stages (e.g. reproduction) of algae. Bacteria are generally assumed to benefit from soluble organic matter (as a source of energy) produced by host algae (Chandini et al. 2008) . Bacterial biofilms of certain bacteria influence the settlement of zoospores of green alga of genus Enteromorpha (Patel et al. 2003) . Spore release in the red algal genus Acrochaetium has also been reported to be enhanced by marine bacteria through N-acyl homoserine lactone secretion (Weinberger et al. 2007 ). The plantlet growth-promoting nature of bacterial isolates associated with Laminaria japonica was reported by Dimitrieva et al. (2006) .
Members of Ulvaceae lose their typical foliose thallus morphology when cultured axenically in defined synthetic media (Provasoli 1958 ABSTRACT: In the marine environment, the bacteria that colonize the surface of a seaweed affect its growth and development. In the laboratory, several seaweeds do not develop normal foliose thalli in axenic cultures, but adopt an atypical morphology. Adding certain bacteria to the culture, however, can result in reversion to the normal morphology. The aim of the present study was to examine the effects of various algal-associated bacteria on the growth, morphology, and reproduction of the green alga Ulva fasciata. In axenic culture without added bacteria, U. fasciata grew into undifferentiated tissue initially and later developed into a tubular thallus. Of the 53 bacterial isolates we obtained from different species of Ulva and Gracilaria, only 5 were capable of inducing differentiation and subsequent growth in U. fasciata cultured in axenic conditions. One bacterial isolate (which we later identified as Marinomonas sp.) was more effective than the others in inducing morphogenesis and growth in U. fasciata. The physical association of bacterial cells with thalli was found to be crucial for the induction of U. fasciata foliose morphology, growth, and spore release. The culture filtrates from the 5 individual bacterial isolates and from a consortium of all 5 of them had less effect on morphogenesis and growth of U. fasciata than the bacteria themselves had, but more effect than the control (no bacteria added). Analysis of partial 16S rRNA gene sequences from all 5 isolates with morphogenesis-inducing ability led us to identify them as Marinomonas sp. and Bacillus spp. We found that the physical association of bacteria is essential for normal growth of the seaweed, suggesting a symbiotic interaction between seaweed and bacteria. ), glutathione, and metal chelators (ethylenediaminetetraacetic acid and ethylene glycol tetraacetic acid) suppressed the activity. Fourier transform infrared and thin-layer chromatography analysis of depolymerized sodium alginate indicated the enzyme specificity for cleaving at the β-1,4 glycosidic bond between polyM and polyG blocks of sodium alginate and therefore resulted in estimation of relatively higher polyM content than polyG. Comparison of chemical shifts in 13 C nuclear magnetic resonance spectra of both polyM and polyG from that of sodium alginate also showed further evidence for enzymatic depolymerization of sodium alginate. Alginates are commercially important cell wall polysaccharides and widely used as stabilizers, viscosifiers, and gelling agents in diverse products such as food, beverages, and pharmaceuticals industries (Wong et al. 2000) . The polyM has been well studied and reported as a potent inducer of cytokines under acute inflammatory responses (Jahr et al. 1997) . In contrast, polyG inhibits the secretion of cytokines, resulting to the alleviation of the immunostimulation during tissue grafting and other autoimmune disorders (Otterlei et al. 1992) . The alginate derivatives with sulfate groups have been reported to have high tumor inhibition activity against solid sarcoma 180 in vivo (Hu et al. 2004 ) in addition to tissue engineering applications (Kataoka et al. 2004) . Further, the depolymerized products of alginate have also been stated to promote germination, growth, and development in crop plants (Cao et al. 2007) .
Alginate lyases, characterized as either mannuronate (EC 4.2.2.3) or guluronate lyases (EC 4.2.2.11), catalyze the degradation of alginate. Alginates can be depolymerized into respective oligosaccharide fragments using either enzymatic lyases or acid hydrolysis. Alginate lyase uses a β-elimination in which a non-reducing unsaturated bond is produced during cleavage of the uronic acid, giving rise to
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The dynamics of rapid (massive) increase or almost equally decrease of phytoplankton populations is a common feature in marine plankton ecology and is known as bloom. This phenomenon generally occurs within a matter of days and also disappears just as rapidly. Harmful algal blooms (HABs) occur due to the interaction of many microorganisms like bacteria, cyanobacteria, phytoplankton (diatoms and dinoflagellates), and zooplanktons. It starts from chaotic form and reaches organized form. Later on, it is dominated by a very few microorganisms that may or may not be toxic [7] . Exopolysaccharides also play key roles in communities' succession and nutrient recycling in marine environment [34] . Many biotic and abiotic factors (temperature, pH, salinity, and nutrients like nitrate, phosphate, and silicate) trigger the harmful algal bloom formation. In this microenvironment, live cells of phytoplankton and bacteria stick to each other due to the presence of extracellular polymeric substances (EPS) that serve as biological glue and provide required stickiness for cell-cell attachment [12, 38] . The importance of microbial EPS production by bacteria [13] , cyanobacteria [9], yeast [11] , and basidiomycetes [8, 21] are already reported as well. However, phytoplankton cells including desmids [19] , diatoms [36] , and cyanobacteria [28]a r ea l s ok n o w nt op r o d u c eE P S into their external medium. The organic exudates become highest during the stationary growth phase of marine microorganism [18, 29] .
Amphidinium carterae Hulburt 1957 is a known toxic marine dinoflagellate known to cause red tide and also reported as the causative organism for mass mortality of fish [26] . It is also listed as harmful toxic microalgae by Electronic supplementary material The online version of this article (doi:10.1007/s00248-011-9852-5) contains supplementary material, which is available to authorized users.
The green alga Ulva fasciata Delile (Chlorophyta, Ulvales) is a potential edible seaweed distributed widely along the Northern west coast of India. This seaweed is a rich source of proteins, essential amino acids, fatty acids, vitamins, dietary fibers and minerals vital for human nutrition (Sitaka Rao and Tipnis 1964; Lewis 1966; McDermid and Stuercke 2003; Carvalho et al. 2009; Kumari et al. 2010) . The iodine content has been estimated in a range of 29-37 mg per 100 g dry wt. (Kesava Rao and Indusekhar 1989) . A substantial amount of beta-carotene and alpha tocopherol has also been reported (de Sousa et al. 2008) . The naturally harvested biomass from the West coast of India has been reported to possess antiviral properties against Japanese encephalitis virus (Sharma et al. 1996) . Recently, local food industries have developed interest in incorporating this species in popular snack items. Its dark green color, rich flavor, and sweet aroma along with wide range of nutritionally beneficial substances including omega-3-fatty acids can improve dietetic composition of the food items. This suggests a potential high demand for this species by the food processing sector. However, inadequate natural resources may hamper its prospects for utilization by food industry. The development of reliable cultivation technique based on the artificial seed production can ensure sustainable supply of quality biomass thereby negating the consequences of over-harvesting.
Species of Monostroma, Enteromorpha, and Ulva are popular in Japanese cuisine and are being cultivated commercially in Japan and other Southeast Asian countries (Ohno 2006; Hiraoka and Oka 2008) . The seedling production required for large-scale cultivation of these seaweeds has traditionally been achieved through entrapment of the zoospores on cultivation nets kept under the
The nanoparticles research in recent times has been gaining considerable importance in the area of biology, medicine, and electronics owing to their unique particle size and shape dependent physical, chemical and biological properties (Sun et al., 2008; Ko et al., 2007) . The inherent characteristics of nanoparticles such as high surface to volume ratios and quantum confinement result in materials that are qualitatively different from their bulk counterparts (EI-Sayed, 2001 ) and make them suitable for wide range of biomedical applications including drug targeting, drug delivery, cell imaging, labeling experiments and biosensors (Farokhzad et al., 2006) . Nowadays, pharmaceuticals based on nanoparticles of polymers, metals or metal oxides, liposomes, micelles or dendrimers are being actively considered for combating various diseases including cancer (Farokhzad et al., 2006) and bacterial pathogens (Morones et al., 2005) . Elemental silver and silver salts have been extensively employed as antimicrobial agents in curative and preventive health care from time immemorial, even before the advent of synthetically manufactured organic medicines such as penicillin (Williams and Bardsley, 1999) . At present, silver nanoparticles as an antimicrobial agent is gaining greater demand in medical applications as antibiotic-resistant bacterial strains are of growing concern in public health care (Goldmann et al., 1996; Chastre, 2008) .
For wound healing, the medical appliances based on silver have been proven as an effective tool for retarding and preventing the bacterial infections. The previous studies have also dealt with antifungal activity (Kvitek et al., 2009 ) and toxicity of silver nanoparticles against higher organisms (Panacek et al., 2009) .
There is a continuous effort being directed to synthesize novel silver nanoparticles containing products having both antibacterial properties and new functional attributes (Huang et al., 2004; Balogh et al., 2001) . Also new synthesis strategies have been continuously evolved to prepare nanoparticles with newer application. In the past two decades, various types of methods have been employed for the synthesis of Ag and Au nanoparticles through reduction of their respective salts with chemical reducing agents, such as citric acid, borohydride and organic compound N,N-dimethylformamide (Plyuto et al., 1999; Wang et al., 2002; Pastoriza-Santos and Liz-Marzan, 2000; Guari et al., 2003) . The synthesis of metal nanoparticles using aforementioned reducing agents is a straight forward resulting into their derivatization with biomolecules and thus, has been extensively studied while metal nanoparticles derivatized with polysaccharides has largely been overlooked (Plyuto et al., 1999; Wang et al., 2002; Guari et al., 2003) . The polysaccharide-nanomaterial integration has recently emerged as an exciting research opportunity. Recently, there has been a report on the synthesis of silver nanoparticles using polysaccharide from Porphyra vietnamensis (Venkatpurwar and Pokharkar, 2011) . Gole and his coworkers used glucose as a reducing agent for synthesizing gold nanoparticles entrapped in the thermally evaporated fatty amine film (Gole et al., 2001 
